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The mammalian Sec61 complex forms a protein translocation channel
whose function depends upon its interaction with the ribosome and with
membrane proteins of the endoplasmic reticulum (ER). To study these
interactions, we determined structures of “native” ribosome-channel
complexes derived from ER membranes. We find that the ribosome is
linked to the channel by seven connections, but the junction may still
provide a path for domains of nascent membrane proteins to move into the
cytoplasm. In addition, the native channel is significantly larger than a
channel formed by the Sec61 complex, due to the presence of a second
membrane protein. We identified this component as TRAP, the translocon-
associated protein complex. TRAP interacts with Sec6l through its
transmembrane domain and has a prominent lumenal domain. The
presence of TRAP in the native channel indicates that it may play a
general role in translocation. Crystal structures of two Sec61 homologues
were used to model the channel. This analysis indicates that there are four
Sec61 complexes and two TRAP molecules in each native channel. Thus,
we suggest that a single Sec61 complex may form a conduit for
translocating polypeptides, while three copies of Sec61 play a structural
role or recruit accessory factors such as TRAP.
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Introduction

In all cells, secretory and membrane proteins
must be translocated across or integrated into

endoplasmic reticulum (ER) membranes, with the
help of a protein-conducting channel. The central
component of the conserved channel is a hetero-
trimer of three membrane proteins, termed the SecY
complex in bacteria and archaebacteria, and the
Sec61 complex in eukaryotes. The largest subunit of
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this heterotrimer (termed SecY or Sec61a.) is a multi-
spanning membrane protein that forms the pore of
the channel.'? Evidence from prokaryotes and
eukaryotes suggests that three to four copies of
either the SecY or Sec61 complex may associate
to form channels.*® These data have been inter-
preted to indicate that a translocation pore is
formed at the confluence of multiple subunits.
However, a recent crystal structure of the archael
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SecY complex suggests that the pore may reside
within a single heterotrimer.” In 2D membrane
crystals, SecY complexes form a dimer with their
essential SecE subunits facing each other."” This
SecY/Sec61 dimer is thought to form the building
block of prokaryotic and eukaryotic protein trans-
location channels.””!*'2

SecY and Sec61 complexes must associate with
partners that provide a driving force for polypep-
tide transport. In bacteria, post-translational trans-
location requires a cytosolic ATPase, termed SecA,
while in eukaryotes the partners are a tetrameric
Sec62/63 membrane protein complex and BiP, an
ATPase located in the lumen of the endoplasmic
reticulum."® Co-translational translocation in all
organisms requires the ribosome as the major
channel partner. In this pathway, nascent chains
exit from a tunnel in the large ribosomal subunit
and are transferred into the translocation channel.
Co-translational translocation is also responsible for
the integration of most membrane proteins. In this
process, transmembrane (TM) segments move into
the lipid phase through a lateral gate in the
channel.' In addition, a cytosolic domain that
follows a TM segment must exit through the
ribosome—channel junction and fold in the cyto-
plasm. Importantly, the membrane barrier for small
molecules should be maintained during all steps of
translocation.

The eukaryotic channel associates with
additional membrane proteins during co-transla-
tional translocation. These include the signal pepti-
dase complex (SPC), the oligosacharryl transferase
(OST), the translocating chain associated membrane
protein (TRAM) and the translocon-associated
protein complex (TRAP). The SPC catalyzes signal
sequence cleavage,'* while the nine subunit OST
complex (290 kDa) is responsible for the Asn-linked
glycosylation of nascent chains.'”” TRAM is an
abundant membrane protein that has been shown
to enhance the translocation of some secretory
proteins and is located in close proximity to nascent
chains.'*" The TRAP complex is comprised of
four membrane protein subunits. The o, B, and
d-subunits are single-spanning proteins with promi-
nent lumenal domains, while the y-subunit crosses
the membrane four times.*> TRAP enhances the
translocation of nascent Eroteins thathave prolonged
access to the cytoglasm ! and can be crosslinked to
nascent chains.'”**?* Sequence-based analysis has
identified TRAP-related proteins in higher eukary-
otes but not in budding yeast. Currently, little is
known about the way in which SPC, OST, TRAM
and TRAP associate with the Sec61 channel.

Previous studies of ribosome—channel complexes
(RCCs) by electron microscopy (EM) provided
evidence that Sec61 channels isolated from ER
membranes associate with additional membrane
proteins. These native channels are noticeably
larger than channels containing Sec61 alone, have
an elliptical rather than cylindrical cross-section in
the plane of the membrane, and contain a promi-
nent lumenal domain.®® Biochemical analyses

demonstrated that “native” RCC preparations
used for these structures contain several membrane
proteins in addition to the Sec61 complex, but only
TRAP and OST are abundant enough to contribute
to the maps.®

We now provide an improved picture of the RCC
and identify TRAP within the native channel. TRAP
has a tripartite architecture and its prominent
lumenal domain is connected to the channel by
two stalk-like features. We then modeled the
general arrangement of the Sec61 and TRAP
complexes in the native channel. Based on this
analysis, the native channel in our maps is
comprised of four Sec61 and two TRAP complexes.
Thus, OST may be disordered in this specimen.
Since TRAP is present in nearly all copies of the
RCC, this component may play a general role in
protein translocation within higher eukaryotes. The
pattern of connections between the ribosome and
channel suggests that several Sec61 complexes may
play a structural role, while at the same time
creating docking sites for accessory factors such as
TRAP. Thus, only one Sec61 may provide an active
pore for protein translocation, as suggested by a
recent crgstal structure of an archaebacterial SecY
complex.

Results

Maps of the native ribosome—channel complex

To generate native RCCs in a defined state, we
used a procedure developed previously.® In this
approach, translating ribosomes were removed
from rough microsomes with puromycin and high
salt. These stripped ER membranes were then
incubated with ribosomes which contained a tRNA
in the exit-site,® and floated in a sucrose gradient.
The RCCs were then solubilized from the mem-
branes in deoxy-BigCHAP (DBC) containing buffer,
isolated by centrifugation, and flash frozen on a
carbon-coated grid in buffer. These native RCCs
contain the Sec6l complex, TRAP, and OST in
amounts comparable to ribosomes, while other
membrane proteins are present in much lower
amounts and thus, do not contribute to the maps.
To obtain better resolution, we collected a large
number of zgarticles (~154,000) and processed them
in EMAN.” A final map with a resolution of 10 A
(FSCps5) was calculated from ~104,000 particles
(Table 1, Figure 1(a)). Surface views of the RCC from
this map are shown in Figures 1(c) (front) and 2(b)
(bottom). This is the first reported structure of a
mammalian ribosome with a resolution of ~10 A.
Since the protein translocation channel is the focus
of this report, a detailed analysis of the ribosome
will be published elsewhere (J.M. et al., unpublished
results). However, a number of features deserve
comment. First, a tRNA is present in the exit-site
between the small and large ribosomal subunit;
hence, ribosomes in this specimen are in a defined
state (Figure 1(c)).® Second, there are six large
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Table 1. 3D analyses of ribosome—channel complexes

Number of particles

) selected and in the final Resolution (A)
RCCs Micrographs Magnification A/pixel maps (FSC o.5)
Native RCC 423 50,000 < 273 154,000/104,000 10
RCC with poly-lysine 192 50,000 X 273 84,000/29,000 14.7
Trap-depleted 37 29,000 X 3.14 21,000/17,000 26
Trap add-back 35 29,000 X 3.14 36,500/17,000 26
Totals: 687 295,500/167,000
(a) Native RCC (b) with poly-lysine
1 1
RCCH
ribosome [
O channel l
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Figure 1. The native ribosome—channel complex. (a) A Fourier shell curve is shown for the native RCC prepared on
carbon film, which has a resolution of 10 A (red line), while the channel has a resolution of ~20 A (blue line). (b) A
Fourier shell curve is shown for the native RCC made with poly-lysine coated, carbon films. The ribosome has a
resolution of 14.7 A while the channel has a resolution of ~24 A. (c) A frontal view of the native RCC is shown, low pass
filtered at 10 A resolution. Small and large subunits are colored in light blue and dark blue respectively. The channel is
colored gold, the expansion segments are purple and the E-site tRNA is red. Primary (s1) and secondary (s2) stalks on
TRAP are indicated. (d) A frontal view is shown of the RCC map prepared with poly-lysine coated grids and is filtered to
14.7 A resolution. The primary and secondary stalks of TRAP are indicated (s1, s2) and the junction is labeled. Some
exposed RNA helices are markedly reduced in size (indicated with black dots), due to interactions with poly-lysine. (e) A
side view of the native channel is shown after low pass filtering to 20 A resolution. The TRAP lumenal domain (LD) is
marked. (f) A side view of the native channel prepared with poly-lysine is shown at ~24 A resolution.
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Figure 2. A comgarison of ribosome—channel complexes. (a) A bottom view is shown of a published, native RCC map
at 17 A resolution.” The lumenal domain (LD) is indicated. (b) A bottom view is shown of the native RCC map at 10 A
resolution, with the channel filtered to 20 A resolution. (c) A bottom view is shown of the native RCC map made with
poly-lysine coated grids and filtered at 14.7 A resolution. The channel is much larger than in previous maps and has been
filtered to 20 A resolution, to allow a better comparison with Figure 1(a) and (b). Black dots mark regions of exposed
rRNA that have been disordered by interactions with poly-lysine (compare with (b)). (d) A bottom view is shown of a
published RCC map made with rabbit ribosomes, purified canine Sec61 and a nascent chain.® The map is at a resolution

of ~25 A and the scale bar represents 100 A.

expansion segments (ES) in the 28 S rRNA that form
spines on the surface of the large subunit (high-
lighted in purple, Figure 1(c)).**>®® Third, there are
new features present, which include additional
connections between the ribosome and channel
(see next section), and a second stalk between the
lumenal domain and the channel (s2 in Figure 1(c)).

Unfortunately, this map does not show high
resolution details of the Sec61 subunits, perhaps
because the channel is somewhat flexible. To
evaluate this possibility, we used QSegment in
EMAN,? and 3D maps from half datasets, to create
volumes that contained either the ribosome or the
channel. Separate resolution curves for the ribo-
some and the channel were then calculated from the
appropriate volumes. Using this approach, we
found that the resolution of the ribosome is similar
to the whole RCC, while the channel lags behind
with a resolution of ~20 A (Figure 1(a)). Therefore,
we filtered the channel to a resolution of 20 A
(Figures 1(e) and 2(b)). We also analyzed the
angular distribution of the particles and found
that RCCs have a preference for binding to the EM

grid with their channels in contact with the carbon
support film (not shown). Thus, we reasoned that
the channel may be distorted by interactions with
the carbon support film. An alternate approach
would be to freeze RCCs over holes; however, this
has not been possible due to their low concentration
and tendency to aggregate.

We devised an alternate preparative method in
which carbon grids treated with poly-lysine were
used to bind RCCs through exposed, negatively
charged regions (cf. rRNA). We collected ~ 84,000
particles from this specimen and calculated a 3D
map from the best complexes (Table 1; Figures 1(d)
and 2(c)). The resolution of this map is ~14.7 A
(FSCy5, Figure 1(b)) and some surface-exposed
rRNA features are lost due to interactions with
poly-lysine (marked with black dots in Figures 1(d)
and 2(c)). The angular distribution of particles in
this dataset is nearly random. Thus, the channel
does not contact the carbon support film in many of
the particles. This geometry may account for the
marked increase in the overall size of the channel in
this map, when compared to previous structures
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Figure 3. Connections between the channel and the large ribosomal subunit. (a) A thin slab of density from the RCC
map made with poly-lysine coated grids is shown in the graphics program “O”.*® This slab is centered on the junction
between the channel and large subunit. Connections are indicated by cyan circles (from the 10 A map) and gold circles
(from RCCs adsorbed to poly-lysine grids) and are labeled. The C2 and C4 connections are bifurcated into 2A /2B and
4A /4B when the entire map is viewed. New connections (5A and 5B) were found near the tunnel exit (TE). The excellent
correspondence of the connections in the two maps suggests that their positions are reliable. A possible path for the
nascent chain into the cytoplasm is indicated by a blue arrow. (b) The atomic structure of the channel docking surface
from the Haloarcula large subunit is shown, with relevant proteins labeled and important rRNA regions highlighted as
yellow ribbons. Connections are marked with white dots and the tunnel exit is indicated on the meshwork from the RCC
map made with poly-lysine coated grids. The outline of the native channel is also shown. (c) A bottom view of the large
subunit is shown with the wire mesh from the 3D map removed. Regions of the large subunit that may help form the
connections are labeled (see the text). (d) The ribosome—channel junction is shown from the front of the channel, as
viewed along the plane of the ER membrane. Connections 1, 2A and 5A are marked, along with the ribosomal proteins
and rRNA segments that may contribute to their formation. Note that connection 1 involves a novel feature in the
eukaryotic ribosome (marked with a blue line), in addition to possible contributions from L19e (RL19) and h59. The
lumenal domain of TRAP (LD) and the secondary stalk (s2) are indicated, along with the central depression (cd).

(Figure 2(a)—(c)). In addition, the native channel is
significantly larger than one comprised of purified
Sec61 (Figure 2(d)).®* However, an FSC curve
calculated from this native channel gives a resolu-
tion of ~24 A (Figure 1(b) and (f)), which still lags
behind the ribosome. We surmise that connections
between the channel and the ribosome may be
flexible enough to preclude us from obtaining a
higher resolution map of the channel, when the
alignment is driven by the ribosome. Of course, this
effect may be exacerbated by interactions between
the channel and the support film. Nevertheless, the
channels in the new 3D maps are of better quality
than those in previous maps, due to the extensive

averaging. The maps also provide a basis for
analyzing interactions between the channel and
the ribosome, as this region is much better defined
than previously. In addition, the resolution of the
ribosome itself is much higher, which improves
the accuracy of our analysis of the connections.

Connections in the ribosome—channel junction

We used the new maps to re-evaluate the junction
between the ribosome and the channel. In particu-
lar, the junction has a more solid appearance in
surface views when compared to previous struc-
tures (Figure 1(c) and (d); see the work done by
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Ménétret et al.®, Beckmann et al.” and Morgan et al.®).
In total, there are seven connections between
the channel and the large subunit in the map
determined at 10 A resolution (Figure 3(a), cyan
circles). These connections overlay well with six
connections observed in RCCs adsorbed with poly-
lysine to the carbon film (Figure 3(a), gold circles);
hence, these features are reliable. In previous
studies, connections 2 and 4 were each considered
to be single links,”® but they are now bifurcated
(labeled 2A /2B and 4A/4B). Together with connec-
tion 1, they form a picket fence across the
cytoplasmic surface of the channel that dominates
the junction (Figure 3(a)). In addition, a new
connection (C5) is visible, due to the higher
signal-to-noise ratio in these maps. Connection 5
is located adjacent to the tunnel exit and is
bifurcated in the 10 A map (Figures 3(a) and 5(a)
and (b)).

To identify ribosomal components that may
contribute to the connections, we manually docked
high resolution structures of the eubacterial small*’
and archael large subunits® into our maps. The
overall fit of the atomic models in the 10 A map of
the canine ribosome is excellent, as shown in serial
sections of the large subunit in Image 1 (Supple-
mentary Material). This fitting was guided by many
features of the ribosome, including alignment of the
exit tunnel. In addition, the channel docking surface
on the large subunit is highly conserved, although
there are additional loops present in many of the
ribosomal proteins.® Based on this fit, we evaluated
ribosomal proteins and regions of 28 S rRNA that
may contribute to the connections (Figure 3(b)—(d)).
Connection 1 is formed in part by protein L19e
(RL19 in mammals) and helix 59 (Figure 3(b)-(d)).
The C1 connection appears to be unique, in that it
also involves a region of the eukaryotic ribosome

(@) purified TRAP - + TRAP
P o~ | Sec61p
| 62
. | 48 &ae TRAM
p— 33 ——| SRo
|25
'Y::_ - — —| RbI/OST
¢ - = «| SPC25
& TRAPo

Figure 4. Structure of the RCC
without and with TRAP. (a) (left)
An SDS polyacrylamide gel of
purified TRAP is shown. (right)
Reconstituted ER vesicles were
prepared without (left) and with
TRAP (right), run on SDS PAGE
and blotted with antibodies against
the indicated proteins (see the
text). (b) A frontal view is shown
of a map from RCCs made without
TRAP. The small subunit (S) is on
the left and the large subunit (L) is
on the right. The Sec61 channel is
colored in gold. (c) A frontal view
is shown of a map from RCCs with
TRAP added back. The larger
channel with a lumenal domain is
colored red. (d) A bottom view is
shown of the RCC without TRAP.
(e) A bottom view is shown of the
RCC with TRAP added back. The
finger-like lumenal domain points
directly towards a dimple that
likely represents a central
depression between Sec61 sub-
units. The scale bar represents
100 A.
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that is not present in prokaryotes (blue line in
Figure 3(d)). The C2A and C2B connections appear
to be formed in part by L23 (RL2B). In addition,
C2A may have contributions from helices 53 and 50
in the 28 S rRNA, while C2B may contact the 3’ end
of helix 53 (nt 1506-1511). In a previous map,
connection C3 was observed as a weak grazin
interaction between helix 24 and the channel.
However, it is only seen at lower thresholds in
these maps (not shown) and thus, may be less
significant than the other connections. The C4A and
C4B connections may each contact L29 (RL35) and
helix 7 (Figure 3(b) and (c)). Finally, connection 5A
appears to be formed by L24 (RL26; Figure 3(b)-
(d)), while C5B may contact both L24 and helix 7.

In summary, our analysis reveals a ribosome-
channel junction that contains more connections
than previously thought. In particular, five connec-
tions (C1, C2A, C2B, C4A and C4B) form a picket
fence that crosses the top of the channel and
additional connections are located next to the
tunnel exit (C5A/C5B). Nevertheless, there is still
ample space between the ribosome and the channel
to allow cytoplasmic domains of nascent mem-
brane proteins to move into the cytosol, when they
emerge from the ribosomal exit tunnel. Indeed,
one possible route involves passage of the nascent
chain between connections 2A and 5A/5B (blue
arrow in Figure 3(a)).

Identification of TRAP in native channels

Our maps of the native channel contain at least
one additional, ordered component that may
correspond to either the TRAP or OST com-
plexes.® To ascertain whether the additional
component is TRAP, we combined selective
depletion and reconstitution approaches with elec-
tron cryo-microscopy of RCCs. Ribosome-depleted
ER membranes were solubilized in DBC buffer and
the extract was passed over an anion exchange

r

column to remove TRAP, as other translocation
components do not bind to this column.'®?!
Proteoliposomes were then reconstituted from this
TRAP-depleted extract. In parallel experiments,
TRAP was purified (see SDS PAGE gel in Figure
4(a), left panel) and added back to the depleted
extract at a concentration equivalent to its original
level, prior to membrane reconstitution. The two
sets of proteoliposomes were essentially identical
except for their TRAP content, as shown by blots
against Sec61B, TRAM, the SRP receptor alpha
subunit (SRa), ribophorin I (an OST subunit), SPC25
and TRAPa (Figure 4(a), right panel). Both sets of
proteoliposomes were equally efficient in the
translocation of preprolactin, a substrate that does
not require TRAP function (not shown). In addition,
the TRAP add-back proteoliposomes stimulated
prion protein translocation, which indicates that
purified TRAP is active.”! To generate specimens for
EM, non-translating ribosomes were added to the
proteoliposomes, the membranes were floated,
solubilized and the RCCs were pelleted.

To obtain 3D maps from TRAP-depleted and
TRAP add-back specimens, we used multirefine in
EMAN to sort particles into groups with and
without channels (Table 1). Due to the complexity
of these experiments, which involved fractionated
extracts and reconstituted proteoliposomes, the
maps were not of the same quality as those made
with native membranes. Nevertheless, both front
(Figure 4(b)) and bottom views (Figure 4(d))
demonstrated that the TRAP-depleted channel is
similar in size to that seen with purified Sec61
(Figure 2(d)).® On the other hand, the channel with
re-added TRAP is similar to that observed in the
native RCC, because it is elliptical in shape and
shows the characteristic lumenal domain (Figure
4(c) and (e)).*® Since the depleted and add-back
samples were prepared and analyzed in parallel, we
overlayed the maps to reveal the contribution of
TRAP to the native channel (Figure 5(a) and (b)).

Figure 5. TRAP has a tripartite
architecture. (a) Maps of the RCC
with (red) and without TRAP
(gold) are overlayed in “O”.*® The
exit tunnel is marked by white dots
and the scale bar represents 50 A.
(b) A close-up of the channel high-
lights the tripartite architecture of
TRAP, which is comprised of a
membrane domain (MD), a pri-
mary stalk (sl) and the lumenal
domain (LD). (c) For comparison,
the native channel from a pub-
lished 17 A map of the RCC is
shown in a similar orienteation.8
The scale bar represents 50 A.
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Figure 6. Modeling the native

Sec61 channel. (a) The native channel is
)/ viewed from the ER lumen as a

\ solid surface. The lumenal domain
cd (LD) and stalks (s1 and s2) are

labeled. (b) After aligning their
respective ribosomes, the purified
Sec61 channel is shown in red. The
central depression is marked with
a “cd”. Insets show the respective
RCCs in the same orientation as (a)
and (b). (c) The purified channel is
shown overlayed with the native
channel. Based on our data, TRAP
is located at the back of the channel
and is comprised of a membrane
domain, a major stalk and a
lumenal domain with a second
stalk-like connection to the chan-
nel. (d) The purified channel (in
red mesh) is shown within the
white mesh of the native channel
in “O”, with two bacteriorhodop-
sin molecules (in green mesh)
docked into the back of the chan-
nel, to demonstrate that there is
room for 14 TMs in this region.
This view is from the ER lumen.
(e) Two SecY dimers (gold and
white ribbons) were docked into
the map determined from 2D
crystals of SecY' to create a
dimer of dimers. This packing
arrangement creates a central

depression (cd). The cryptic pores of the four possible subunits are indicated with blue dots. (f) For one possible
model, the molecular envelope from a pair of SecY dimers is shown docked into the native channel in “O” (as viewed
from the ER lumen). The relative positions of the four putative pores (blue dots), the tunnel exit (white dot) and the
connections (red dots) are shown. The picket fence (pf) formed by five connections is indicated by a white line. Note that
two of the possible translocation pores are located behind the picket fence, at the back of the channel. Thus, a nascent
chain emerging from the exit tunnel would probably not have access to them. A similar arrangement of the pores occurs

when the model is rotated 90 degrees (not shown).

Based on this analysis, TRAP consists of a mem-
brane domain attached via a primary stalk to a
prominent lumenal domain. Moreover, the mem-
brane domain of TRAP forms a lateral extension
that accounts, in part, for the elliptical shape of the
native channel. Since OST was present in these
specimens, the data suggest that OST may be
disordered by the isolation protocol or by inter-
actions with the carbon support film.

In other experiments, we found that the Sec61
complex remained bound to ribosomes, whether
or not TRAP was present, and OST sediments
with ribosomes and Sec6l in the absence of
TRAP (not shown). This suggests that OST and
TRAP may interact separately with the channel.
In addition, technical problems with these
membrane proteins precluded some experiments
from being done. For example, RCCs made with
purified Sec61 and TRAP were badly aggre-
gated, while our approach of isolating these
complexes directly from ER membranes mini-
mizes this problem.

Modeling TRAP in the native channel

TRAP accounts for ~25% of the total membrane
area in the native channel and its abundance in
mammalian ER is similar to Sec61, which is yresent
in three to four copies per channel.”*°! This
suggests that multiple copies of TRAP may be
present in the channel, in agreement with cross-
linking data, which showed that two TRAP a-sub-
units are close to each other.”® To test this possibility,
we chose our best map from RCCs made with
purified Sec61 and a nascent chain® (Figure 2(d)), in
which a P-site tRNA was clearly present. This map
was docked into the structure of the native RCC
using the ribosome for alignment, to avoid bias in
positioning the channels. This docking shows that
Sec61 forms the entire front of the native channel
(Figure 6(a)—(c)) and indicates that there is adequate
room at the back of the channel for two TRAP
molecules, detergent and lipid. This was demon-
strated by modeling TRAP with a bacteriorhodop-
sin molecule, which has seven TMs as predicted
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for TRAP. We find that two bacteriorhodopsin
monomers can be placed at the back of the channel
(Figure 6(d), in green). Thus, our structures and
crosslinking data®™ support the hypothesis that two
TRAP molecules are present in each native channel.

Sec61 in the native channel

By analogy with other channels, we suggest that
multiple copies of the Sec61l complex may be
arranged with local symmetry under the ribosome.
Previous studies have shown that the hetero-
trimeric SecY complex may form a dimer in
detergent and in 2D membrane crystals, where the
TM segments of the essential SecE subunits face
each other.>*'%'? Experimental support for this
interaction has been obtained for SecY complexes
engaged in translocation.”* A tetramer of SecY was
observed by sedimentation equilibrium studies®
and after solubilizing a membrane complex
assembled with SecA.” In addition, four density
peaks were observed in Sec61 and SecY particles.>*
When taken together, these data suggest that two
Sec61 dimers may form the channels in our
reconstructions.

Archaebacterial SecY and eukaryotic Sec61 com-
plexes each have 12 TM segments and are similar in
structure.’ Thus, we used crystal structures of
SecY?!? to evaluate the composition and general
arrangement of Sec61 in the mammalian channel.
To obtain an initial model for two dimers of Sec61,
we fit the crystal structure of the archaebacterial
SecY complex into the density map from the 2D
crystals.'” We then adjusted the lateral packing of
two adjacent dimers in the map from 2D crystals,
since there are three extra TMs in the E. coli SecY
complex, and filtered the resulting model to 20 A
resolution (Figure 6(e)). This subunit arrangement
creates a central depression between the four SecY
complexes (cd, Figure 6(e)). This feature was
interpreted as a translocation pore in previous 3D
maps of the channel ®3* because it was difficult to
assign an accurate threshold when the atomic
structure of the ribosome was not known. This
central depression may;, in fact, contain lipids when
the channel is embedded in a membrane. We also
note that the lateral packing of a pair of SecY dimers
creates a “dimer of dimers” that may lead to an
extended ribbon, as occurs in the membrane
crystals.'” Thus, we suggest that connections to
the ribosome may introduce perturbations that
prevent this lateral polymerization.

We next docked a pair of dimers into the 3D map
of the purified Sec61 channel, by aligning the
central depression with a similar low density
feature in the channel. We also found that the
purified Sec61 channel segments into roughly four
parts at higher thresholds, and we placed the pair of
dimers into the map to maximize the overlap of
the subunits with these features (not shown). Since
the purified Sec61 channel was accurately docked
within the native channel, this fitting process also
places the pair of SecY dimers nicely within the

native channel (Figure 6(f)). Intriguingly, we find
that a pair of dimers can be docked into the channel
in two orientations, related by an in-plane rotation
of ~90° (only one orientation is shown). This
ambiguity arises from the nearly square outline of
a pair of dimers (Figure 6(e)), coupled with the
modest resolution of our maps. Both models place
cytoplasmic features of Sec61 implicated in ribo-
some binding”?* close to the observed connections.
Hence, this criterion cannot be used to choose
between the models.

While we are not able to choose between these
two general models, the analysis clearly favors the
hypothesis that four Sec61 complexes are present in
purified and native channels. The modeling also
supports the idea that Sec61 may associate under
the ribosome as a pair of dimers, rather than as a
tetramer with C4 symmetry. Indeed, our analysis
shows that models with Sec61 tetramers can be
excluded, because they create a large pore at the
center of the channel and a strong modulation of its
outer surface (Image 2, Supplementary Material).
Neither of these features have been observed.”®
Remarkably, we find that putative translocation
pores located at the centers of two Sec61 subunits
must lie behind the picket fence connections (red
circles) in both models. As an example, the model in
Figure 6(e) is shown in Figure 6(f). Hence, cryptic
pores at the back of the channel may not be
accessible to a nascent chain emerging from the
tunnel exit (white dot in Figure 6(f)).

Discussion

The present work provides 3D maps of the RCC
that show new features of the junction and the
protein translocation channel. We also identified
TRAP as a ubiquitous component of the mamma-
lian translocon. We suggest that the translocation
channel may be created by the lateral association of
two Sec6l dimers and in higher eukaryotes, the
channel may contain two molecules of TRAP. When
taken together, these results have implications for
our understanding of protein translocation.

The TRAP complex

Previous experiments showed that TRAP, like
Sec6l, is an abundant ER protein that stably
associates with membrane-bound ribosomes after
solubilization.®**?” Our studies show that TRAP is
present in every native channel, where it maintains
a precise orientation relative to Sec6l and the
ribosome. This conclusion is based on experiments
in which TRAP was depleted and added-back to
RCCs. Although these data suggest that TRAP is the
additional component in our maps derived from
native membranes, in principle TRAP may allow
the OST complex to be visualized, even if TRAP
itself becomes disordered. We find this explanation
unlikely for four reasons. First, the number of TMs
in OST (~27) cannot be accommodated in our map
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of the native channel, after accounting for four
Sec61 complexes. Second, the predicted size of the
OST lumenal domain is much too large to account
for the lumenal domain in our map. Third, we
found that OST can bind to RCCs in the absence of
TRAP, which would preclude this scenario. Fourth,
we have obtained a 3D map of canine OST (J.M. et
al., unpublished results) and features of this com-
plex are distinct from those in the native channel
map. Thus, while OST is present in our specimen
prepared from native membranes, we conclude that
it may become disordered during isolation or on the
EM grid.

TRAP forms three structural domains in the
channel: a membrane-embedded region with exten-
sive interactions to Sec61, a primary stalk and a
lumenal domain with an additional stalk-like
connection (Figure 7(a) and (b)). Sequence conser-
vation of TRAP« and B subunits and the size of their
predicted lumenal segments, suggests that these
subunits form a major part of the lumenal domain.
In addition, the size of the membrane-embedded
region, after subtracting the contribution of Sec61,
indicates that the native channel may contain two
TRAP complexes. This hypothesis is supported by

(@) (b)

view from the ribosome

OST TRAM SPC?

* picket
fence

Figure 7. General architecture of the native, protein
translocation channel. (a) A diagram of the ribosome
channel complex is shown, as viewed from the ribosome.
The native channel is formed by four Sec61 complexes
(blue circles) and two copies of the TRAP complex (green
ellipse). The precise orientation of the unique Sec61
dimers is not known. However, individual pores (white
circles) have similar positions for both models. The
relative positions of the connections, the picket fence
and the tunnel exit (red circle, TE) are shown. Putative
translocation pores in monomers M2 and M4 lie behind
the picket fence in both models and thus, may be inactive.
Connection 3 is rather weak in the current maps. (b) The
positions of the TRAP lumenal domain (LD), stalks (white
ellipses marked 1 and 2) and the trans-membrane domain
(green ellipse) are shown, relative to the channel. The
primary stalk and lumenal domain is formed by TRAP o
and B-subunits, but the 3-subunit may also contribute.
The position of TRAP, coupled with its size, suggests
that OST, TRAM and the SPC may approach the front of
the channel (black arrows), to interact with the nascent
chain.

crosslinking studies of TRAP in membranes® and
by the mobility of purified TRAP on sucrose
gradients (R.S.H., unpublished results). In our
model, two TRAP molecules interact with a pair
of Sec61 dimers and also associate to form a single
lumenal domain (Figure 7(b)). This general organi-
zation is reminiscent of the structure of an L-type
calcium channel, which is comprised of a tetramer
of a-subunits with a finger-like domain that
emanates from only one side.”

In previous studies, TRAP was shown to improve
the translocation efficiency of some substrates, but
not others.” In addition, the TRAP a-subunit can be
crosslinked to preprolactln chams on the lumenal
side of the ER membrane."” Our studies indicate
that TRAP is present 1n _most ribosome-bound
channels in the canine ER.>" Thus, we suggest that
it may have a general role in protein translocation in
higher eukaryotes. Indeed, the lumenal domain is
ideally positioned to interact with a nascent poly-
peptide chain emerging from Sec61 (Figure 7(b)) or
alternatively, TRAP may recruit a lumenal ER
protein to interact with the incoming polypeptide.

The role of Sec61 in protein translocation

Our models show that the protein translocation
channel is comprised of four Sec61 complexes, but
there are two possibilities for their arrangement in
the channel as a pair of dimers. In model 1, a Sec61
dimer may be formed by monomers M1 and M2
(also M3/M4; Figure 7(a)), while in model 2 a dimer
may be formed by monomers M1 and M3 (also M2/
M4). This ambiguity is due to the modest resolution
of our current maps of the channel (~20A),
coupled with the roughly square shape of a pair
of Sec61 dimers. While the proposed side-by-side
packing of dimers is unusual, certain features are
reminiscent of ionotrophic glutamate receptors in
which four subunits associate as a dimer of dimers,
rather than as a tetramer.*”

The four copies of Sec6l in the channel make
different connections with the ribosome, due to its
asymmetric structure. Thus, monomers M2, M3 and
M4 may make multiple connections to the large
subunit, while M1 appears to have no direct
connection. The ribosome—channel ]7unct10n is also
more crowded than seen previously,”® but may still
allow cytosolic domains of membrane proteins to
move through the gap and into the cytosol. This gap
may also contain flexible segments of ribosomal
proteins and Sec61 subunits, but these segments
may not provide a serious obstacle to movements of
a nascent chain. In addition, the connections
themselves may be somewhat flexible, as suggested
by the observed difference in resolution between
the two partners in our maps.

Our results support the idea that the translocation
pore may not be located centrally at the interface
between Sec61 complexes. Thus, we find that there
is a central depression in the assembly (also see the
work done by Beckmann et al.” and Morgan et al.®),
rather than a large aqueous pore.>** Our data are
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also consistent with the crystal structure of Secy,
which indicates that lateral surfaces of the channel
subunit are inappropriate to create a large, hydro-
philic pore, because these surfaces are hydro-
phobic.”" We suggest that the depression located
at the confluence of four Sec61 complexes may be
filled with lipid when the channel is embedded in a
membrane and it may be partly occupied by
detergent in our specimens.

The crystal structure of SecY suggests that the
pore may be formed by a single copy of the Sec61
complex;” hence there are four possible pores in the
channel, one for each subunit. However, our results
place constraints on the roles of Sec6l in the
channel. Regardless of the precise arrangement of
Sec61 subunits in the channel, two copies (M2 and
M4) would be separated from the tunnel exit site by
a line of connections (Figure 7(a)), making them
inaccessible to the nascent chain. While it is
premature to decide which of the remaining
subunits at the front of the channel may be active,
we note that the pore in one subunit may be
partially blocked by connections 5A and 5B (Figure
7(a)). Thus, the pore in monomer 1 may be more
readily accessible to a nascent chain as it emerges
from the tunnel exit. In addition, the distance from
the peptidyl transferase center to both possible
pores at the front of the channel is consistent with
the observation that ~63-68 residues of a nascent
chain are protected from proteolysis.*’ Thus,
additional studies are now needed to identify the
active subunit.

If a single Sec61 can translocate a nascent chain,
as suggested by the crystal structure of SecY,” then
what is the role of the other copies of Sec61 in the
channel? First, the association of TRAP with Sec61
at the back of the channel suggests that two copies
of Sec61 may recruit TRAP to the translocation site,
while also forming connections to the ribosome.
Other factors such as signal peptidase, the oligo-
saccharide transferase and TRAM may also be
recruited to the translocation site by lateral inter-
actions with Sec61 (Figure 7(b)). Second, oligomeri-
zation of Sec6l may be required to make the
ribosome—channel junction more stable, since a
single Sec61 complex may not be sufficient to create
an open junction while also forming a conduit for
the nascent chain. Third, channel assembly and
formation of the picket fence connections may help
displace SRP and (possibly SR) from the ribosome,
due to overlapping binding sites on the large
subunit.*"** Finally, oligomer formation by Sec61
may set the stage so that the active subunit in the
channel makes minimal contact with the ribosome,
which would allow this subunit to undergo
conformational changes during translocation.

Materials and Methods

Preparation of ribosome—-channel complexes

A total extract of canine ER membranes was prepared

using DBC (pH 7.5).! TRAP was depleted from canine ER
extracts using Q-Sepharose under high salt conditions,
as described. ®?! Purification of porcine TRAP, replenish-
ment of canine ER detergent extracts, proteoliposome
reconstitution, immuno-blots and translocation assays
were carried out as described.?! Native RCCs were made
by adding canine ribosomes with an E-site tRNA to
ribosome-stripped proteoliposomes.® The complexes
were then floated, solubilized, concentrated and prepared
for electron cryo-microscopy as described.® In some cases,
carbon-coated EM grids were briefly wetted with poly-
lysine (180 residues at 0.01 mg/ml). These grids were
then rinsed in buffer before RCCs were added, blotted at
4°C in a humid chamber and plunged into liquid ethane
to vitrify the samples.

Electron cryo-microscopy and image processing

Frozen grids were mounted on a Gatan cryo-holder
(626-DH) and images recorded on a Tecnai F20 at 50,000X
(for native RCCs) or at 29,000X (for TRAP-depleted and
TRAP add-back specimens). Micrographs were recorded
on Kodak SO163 film and developed for 12 minutes.
Images that exhibited astigmatism, drift or defocus
gradients were eliminated. The micrographs were
scanned with a 4.5 um raster on an Eversmart Supreme
scanner (Creo Inc.). The 8-bit data were binned 3 X3 (for
native RCCs/pixel size=2.73 A) and 2X2 (for the Trap-
depleted and add-back specimens/pixel size=3.14 A)
and converted to SPIDER* and EMAN? compatible
formats. Particles were windowed with BOXER in EMAN
using projections of a 3D model. CTF parameters were
determined by interactive fitting of summed power
spectra with CTFIT and the images were subsequently
CTF corrected by phase flipping particles in the TRAP-
depleted and add-back datasets. Datasets for the two
native RCC maps were corrected in EMAN by phase
flipping and by using an experimentally measured
structure factor for the ribosome to model the amplitude
fall-off.

Native RCC datasets prepared without and with TRAP
were computationally purified with the multirefine option
in EMAN,* using 3D volumes that contained the
ribosome and the appropriate RCC as references.®®
These particle images were refined in separate groups
using Radon methods implemented in SPIDER to
produce the final 3D volumes.®* Datasets for native
RCCs were aligned in EMAN on a 32 processor Linux
cluster. The resolution in all cases was ascertained using
the FSC 0.5 criteria. Resolution curves for the ribosome
and channel were determined with half-datasets from
even and odd particles, after separating the maps into
sub-volumes using QSegment in EMAN. We choose
surface thresholds based on the fit between the atomic
structures of the docked ribosomal subunits and the
corresponding regions in the maps. At this threshold,
the channel is well connected to the large subunit. The
final 3D volumes were segmented in EMAN to give
separate maps of the small and large subunit, as well as
the channel. Figures were made in WEB,*? O,*® GIMPY
and Adobe Photoshop.

T www.gimp.org
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